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Abstract
Current knowledge of the finite-density QCD equation of state from first principles is limited to a Taylor expansion in
the baryonic chemical potential around µB = 0. By means of a scaling form for the equation of state of the 3D Ising
model and a non-universal, parametrized map to QCD coordinates, we construct a family of equations of state matching
state of the art first principle Lattice QCD calculations and including the correct critical behavior, which can be readily
employed in hydrodynamical simulations of heavy ion collisions at finite density, covering most of the BES range at
RHIC. This contribution reports on work done within the Fluctuations/Equation of State working group of the BEST
Collaboration.
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1. Introduction
The determination of the phase structure of QCD is nowadays one of the most important goals of high
energy nuclear physics research, stimulating strong efforts from both the theoretical and the experimental
communities. In recent years, Lattice QCD calculations have provided increasingly accurate quantitative
results for the thermodynamics of strongly interacting matter, for baryon-antibaryon symmetric matter, es-
tablishing the presence of a continuous, smooth phase transition between confined hadronic matter and
deconfined quark-gluon plasma at a temperature of T ' 155 MeV. It is believed that such transition would
become of the first order at higher baryonic densities, implying the presence of a critical point; past works
have shown that such a critical point would belong to the same universality class as the three dimensional
Ising model [1].
Because of the sign problem of Lattice QCD at non-zero chemical potential, it is not possible to approach
the search for the QCD critical point directly from first principles. Current knowledge of the QCD equation
of state (EoS) from principles at finite chemical potential is limited to a Taylor expansion around µB = 0.
Email address: pparotto@uh.edu (Paolo Parotto)
ar
X
iv
:1
80
8.
03
69
5v
1 
 [h
ep
-p
h]
  1
0 A
ug
 20
18
2 / Nuclear Physics A 00 (2018) 1–3
On the experimental side, this search has recently experienced a peak in productivity in view of the
BES-II program, which will take place at the Relativistic Heavy Ion Collider in the next couple years, and
has as its main intent to locate the critical point.
From a theoretical point of view, the study of heavy-ion collisions and the interpretation of experimental
data is majorly performed via hydrodynamic simulations, which take as their main ingredient the equation
of state of QCD matter, driving the evolution of the system. The study of the presence of the critical point
in the phase diagram, in particular in the density range accessible to the BES-II program, cannot prescind
from an equation of state including the correct critical behavior.
2. The procedure
The purpose of the work exposed here (see [2] for the complete discussion, and references therein) is to
generate a family of equations of state in a parametric form, which exactly match the known Lattice QCD
results at vanishing baryon density, and contain critical behavior in the right universality class.
The procedure can be summarized as follows:
i) Implement the scaling behavior of the 3D Ising model EoS:
In the vicinity of the critical point, one can use the following parametrization for the magnetization M,
the magnetic field h and the reduced temperature r = (T − TC) /TC [3, 4]:
M = M0Rβθ , h = h0Rβδh˜(θ) , r = R(1 − θ2) , (1)
where M0, h0 are normalization constants, h˜(θ) = θ(1 + aθ2 + bθ4) with a = −0.76201, b = 0.00804, β
and δ are 3D Ising critical exponents, and the parameters take on the values R ≥ 0, |θ| ≤ θ0 ' 1.154, θ0
being the first non-trivial zero of h˜(θ).
ii) Define a non-universal map from the 3D Ising model phase diagram to the QCD one:
In order to transfer the critical thermodynamics to QCD, a non-universal mapping is needed between
Ising variables (h, r) and QCD coordinates (T, µB). The most general linear transformation allowing
this makes use of six parameters:
T − TC
TC
= w (rρ sinα1 + h sinα2) ,
µB − µBC
TC
= w (−rρ cosα1 − h cosα2) .
(2)
where (TC , µBC) give the chosen location of the critical point, α1 and α2 indicate the relative angle
between the r and h axes and the lines of T = const., and the parameters w and ρ correspond to a global
and relative rescaling of r and h. It is possible to reduce the number of parameters, assuming the shape
of the chiral transition line to be a parabola (a good approximation in the BES range); the curvature of
the transition line and the transition temperature at µB = 0 calculated from Lattice QCD can be used
[5]. In this work, we will show, as an example, results for the following choice of parameters:
µBC = 350 MeV , TC ' 143.2 MeV , α1 ' 3.85◦ ,
α2 ' 93.85◦ , w = 1 , ρ = 2 . (3)
iii) Estimate the contribution to Taylor coefficients from the 3D Ising model critical point:
We decompose the Taylor coefficients from Lattice QCD as the sum of an “Ising” contribution from the
critical point placed onto the phase diagram, and a “Non-Ising” one:
T 4 cLATn (T ) = T
4 cNon-Isingn (T ) + T 4C c
Ising
n (T ) (4)
where the cLATn (T ) are a parametrization of continuum extrapolated Lattice QCD results [6, 7], contin-
ued at low T with Hadron Resonance Gas model calculations using an up to date hadronic spectrum
[8].
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iv) Reconstruct the full pressure:
Once the “Non-Ising” coefficients are calculated using Eq. (4), the full pressure can be reconstructed
over the whole phase diagram with:
P(T, µB) = T 4
∑
n
cNon-Isingn (T )
(
µB
T
)n
+ T 4C P
Ising (T, µB) . (5)
From the full pressure in Eq. (5), all thermodynamic quantities of interest can be calculated. In Fig.
1 we show the full pressure, as well as the speed of sound calculated with our procedure with the
parameter choice in Eq. (3).
Fig. 1. Full pressure and speed of sound for the choice of parameters in Eq. (3).
The procedure summarized in this contribution (see [2] for the complete discussion) allowed us to con-
struct a family of equations of state for QCD matching Lattice QCD results at vanishing chemical potential,
and containing a critical point in the correct universality class in a parametrized fashion; our results can be
readily utilized as input in hydrodynamic simulations of heavy ion collisions.
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